Human natural killer (HNK)-1 antibody is an established marker of developing cardiac conduction system (CCS) in birds and mammals. In our search for the evolutionary origin of the CCS, we tested this antibody in a variety of sauropsid species (Crocodylus niloticus, Varanus indicus, Pogona vitticeps, Pantherophis guttatus, Eublepharis macularius, Gallus gallus, and Coturnix japonica). Hearts of different species were collected at various stages of embryonic development and studied to map immunoreactivity in cardiac tissues. We performed detection on alternating serial paraffin sections using immunohistochemistry for smooth muscle actin or sarcomeric actin as myocardial markers, and HNK-1 to visualize overall staining pattern and then positivity in specific myocyte populations. We observed HNK-1 expression of various intensity distributed in the extracellular matrix and mesenchymal cell surface of cardiac cushions in most of the examined hearts. Strong staining was found in the cardiac nerve fibers and ganglia in all species. The myocardium of the sinus venosus and the atrioventricular canal exhibited transitory patterns of expression. In the Pogona and Crocodylus hearts, as well as in the Gallus and Coturnix ones, additional expression was detected in a subset of myocytes of the (inter) ventricular septum. These results support the use of HNK-1 as a conserved marker of the CCS and suggest that there is a rudimentary CCS present in developing reptilian hearts. Anat Rec, 2018.
expressed in a subset of myocytes in the developing cardiac conduction system (CCS), making it a very useful, conserved marker for visualizing the CCS in mammals and birds (Nakagawa et al., 1993; Chuck and Watanabe, 1997) . Apart from a constant pattern of HNK-1 antigen expression during development, stage-dependent HNK-1 antigen expression was also found (Aoyama et al., 1993; DeRuiter et al., 1995) .
HNK-1 epitope was described in the neural cells in Danio (Wilson et al., 1990) and Xenopus (Nordlander, 1989) , suggesting that the conservation of this glycan, or rather group of enzymes involved in its synthesis, is conserved in vertebrates.
Ventricular septation in Sauropsida varies among species, which means that we can find a range from fully septated heart in archosaurs (crocodylians and birds) (Webb, 1979) , almost septated heart in varanids and pythons (Webb et al., 1971; Jensen et al., 2010) to feebly developed septum in nonvaranid lizards and snakes with the exception of Pythonidae (Jensen et al., 2013a (Jensen et al., , 2014 . The nomenclature of the heart structures in squamates is not unified. For clarity's sake, we follow here the nomenclature as could be found in Jensen et al. (2014) . In squamates, there are three septa in the ventricle-muscular ridge, bulbuslamelle, and ventricular septum (Jensen et al., 2014) . These structures are developed according to life-histories of the squamate-it means that they reflect lifestyles of the species more than their position on the phylogenetic tree (Burggren, 1988) . There is a clear link among lifestyle and ventricular septation in particular species: it seems that the level of septation of the ventricle could be a derived state, highly reduced or developed in squamates (Moorman and Christoffels, 2003) .
The reptiles are the first group of tetrapods fully independent from the aquatic environment. Physiologically, they have a variable body temperature and correspondingly slower metabolism and heart rate. Unlike the fishes and amphibians, however, which do have common model species as representatives (zebrafish and xenopus or axolotl, respectively), they are seldom studied in the laboratory settings. Consequently, little is known about their heart and even less about its electrophysiology. Morphologically, their hearts range from highly trabeculated ones very similar to those of amphibians to fully septated (but still heavily trabeculated) hearts of crocodiles, similar to those of the homeiotherms (birds and mammals).
Sauropsida as a sister group to Synapsida (Laurin and Reisz, 1995) number thousands of species including on the one hand Aves and Crocodylia, known together as Archosauria (Benton and Clark, 1988; Nesbitt et al., 2013) , and on the other hand Chelonia as a sister group to Archosauria (Chiari et al., 2012) , and Lepidosauria, which cover two clades-Sphenodontia (Rest et al., 2003; Cree, 2014) and Squamata (Pyron et al., 2013) . Although in Squamate reptiles the conduction tissues were recently studied to some extent (Jensen et al., 2014) , its embryonic development is not clear and only a few comparative studies exist (Jensen et al., 2012 (Jensen et al., , 2013a (Jensen et al., , 2013b Gregorovicova et al., 2018) . In Tetrapods the complete septation of the heart evolved in three lineages independently (Jensen et al., 2013b )-these well-known lineages are mammals, birds, and crocodylians. In case of mammals and birds there exists a premise that the reason why they both have completely septated heart is endothermy and associated high heart rate (Davies, 1942) . However, situation is complicated in crocodylians, which also have fully septated heart (Webb, 1979; Koshiba-Takeuchi et al., 2009; Poelmann et al., 2017) while all the extant taxa are purely ectothermic (Grigg and Kirshner, 2015) . This messy situation continues within the squamate reptiles, which present a large variation in the extent of ventricular septation feebly hearts (typical lizards) to almost fully septated ones in varanids (White, 1968; Webb et al., 1971 Webb et al., , 1974 Burggren, 1988) . Since it seems that this more extensively septated state in squamates is a derived one (Moorman and Christoffels, 2003) and that the reptilian heart is generally highly specialized for shunting (Hicks and Wang, 1996) , we focused our attention on Sauropsida to compare the state of development of the CCS in archosaurs (Crocodylus niloticus and Gallus gallus) with the squamates. Crocodylians show clear positivity for the CCS marker HNK-1 within the embryonic heart (Kundrat, 2008) similar to the chick (Chuck and Watanabe, 1997) , which was chosen as a "positive control." In case of squamates, we chose representative species across squamate taxa with focusing on their lifestyle (Adolph and Porter, 1993; Shine, 2005) as well as on their position in the phylogenetic tree (Pyron et al., 2013) . These species are Leopard Gecko (Eublepharis macularius), which represents the basal taxa with nocturnal lifestyle (Seufer et al., 2005) . Central Bearded Dragon (Pogona vitticeps) was selected as a representative of higher taxa with higher metabolism than Leopard Gecko due to its diurnal lifestyle (Köhler et al., 2003) . As a crown species of the phylogenetic tree of squamates was chosen Mangrove Monitor (Varanus indicus) as an active predator (Pianka and King, 2004 ) with mammalian-like pressure differentials between the pulmonary and systemic circuits with its metabolic rate considerably higher than in the other squamate reptiles (Thompson and Withers, 1997; Wang et al., 2003) . The last species, Corn Snake (Pantherophis guttatus), represents the group of extremely diverse squamate reptiles-snakes, whose position in phylogenetic tree is still unresolved (Lee, 1997; Vidal and Hedges, 2005; Pyron et al., 2013) . The Corn Snake as an example of ophidian represents a unique state thanks to its morphologically distinctive form representing a departure from the typical 'Bauplan' of squamate reptiles (Wiens and Slingluff, 2001) . Another factor playing an important role in selection of the particular species was the availability of fertilized eggs from captivity-bred animals.
In mammals, expression of the HNK-1 epitope in the developing heart was described in the rat (Wenink et al., 2000) , human (Blom et al., 1999) , rabbit (Gorza et al., 1988) , dog (Wilson et al., 1990) , and dromedary (El Sharaby et al., 2001 ). However, the antigen is not expressed in mouse (Wilson et al., 1990) . While in the rat, rabbit, and human embryonic heart the expression patterns are similar both developmentally and in threedimensional reconstruction and mark the developing CCS in addition to cardiac nerves, in dromedary, only neural expression was reported. So, while certainly useful and conserved, the specificity needs to be validated for each organism.
There are recent reports on HNK1 use to study development of neural crest and cranial nerves in the embryonic Nile crocodile (Kundrat, 2008; Kundrat, 2009) . There was also a mention of expression in the developing heart, but no figure documentation was provided. We thus undertook a comprehensive evaluation of these histological series, complemented with our own sampling of various embryonic reptilian species. Our choice, dictated in part by the availability of eggs and embryonic material, aimed to cover a range of septation states-from a very rudimentary septum in E. macularius through partly septated ventricle in P. vitticeps and P. guttatus, almost fully septated ventricle of varanids to completely septated (from later stages) heart of C. niloticus. For the reference, we used also chick embryos to study the possible effect of different fixatives on staining patterns, and a few quail (Coturnix japonica, Temminck and Schlegel, 1849) embryonic hearts to verify the potential of generalization of findings in the chick to other avians. We hypothesized that the extent of HNK-1 immunostaining, and thus development of conduction system, will correlate with the degree of ventricular septation. We found that while HNK-1 stained consistently neural tissues in all examined species, the patterns of expression in various cardiac populations were species-and stage-dependent. We observed expression in the extracellular matrix and mesenchymal cells of cardiac cushions, subendocardium, and also different myocardial populations (sinus venosus-the cardiac pacemaker region, atrioventricular canal, and subpopulation of ventricular myocytes). We conclude that HNK-1 could be used as a conserved marker of CCS, as it is expressed in similar myocyte populations across most amniotes.
MATERIALS AND METHODS

Sample Preparation
List of the examined species, stages and number of specimens is presented in Tables 1-6. Serial sections of the C. niloticus embryos stained with HNK-1 and hematoxylin from previous studies (Kundrat, 2008; Kundrat, 2009) were used for the crocodile model. Hearts of V. indicus were isolated from embryos originating in the collection assembled previously for the staging purposes (Gregorovicova et al., 2012) . Hearts from the other species were extracted from the embryos submerged in a cold buffer optimized for reptiles (Jensen et al., 2012) , or Tyrode's for the avian species (G. gallus This range corresponds to days 0-17 postoviposition (dpo) with noted variability among clutches (total of five different nests). The material is derived from study by Kundrat (2008) . Selected samples originating from a larger collection assembled by Gregorovicova et al. (2012) . and C. japonica) after rapid recording of their external appearance for documentation and staging purposes, fixed overnight in 4% paraformaldehyde solution in phosphate buffered saline (PBS) on ice with gentle rocking. Sampling of embryonic tissues from the eggs is exempt from animal protection legislation in the Czech Republic; however, care was taken to minimize any potential suffering of the embryos by using ice-cold dissection buffer and rapid decapitation as the method of euthanasia. After fixation, they were rinsed thrice in PBS and then dehydrated in a series of ethanols, followed by clearing in benzene, and then embedded in paraplast. Eight to 10 μm sections were cut on a microtome, and alternating sections (four sets) were mounted on poly-lysine coated slides. Three sets of slides were processed for immunohistochemistry as described below, while the remaining series was preserved for further investigations (double immunolabeling).
Immunohistochemistry
The sections were deparaffinized and rinsed once with PBS for 5 min, permeabilized twice with PBS/0.5% Tween 20 for 5 min and rinsed once with PBS for 5 min. Afterwards the sections were blocked with 10% normal goat serum (NGS) for an hour at room temperature, and then incubated overnight at +4 C with primary antibodies. The following antibodies and dilutions were used: mouse monoclonal IgM heavy chains and kappa light chains to HNK-1 (1:100; Beckton Dickinson #347390), mouse monoclonal IgG2a isotype to Alpha Smooth Muscle Action (SMA, 1:800; Sigma #A2547), and mouse monoclonal IgM isotype to Alpha Sarcomeric Actin (SA, 1:500; Sigma #A2172).
On the next day, the sections were rinsed in three changes of PBS and Horseradish Peroxidase (HRP)-conjugated Goat Anti-Mouse secondary antibody (1:200; Jackson ImmunoResearch #115-035-068) was applied for 90 min at room temperature. Primary and secondary antibodies were diluted in PBS that contained 0.1% Selected samples originating from collection assembled by Gregorovicova et al. (2012) .
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Tween 20, 1% bovine serum albumin (BSA), and 10% NGS. The staining was performed in dark humid chamber. HRP activity was visualized using the diaminiobenzidine (DAB) as substrate. After washing in distilled water, the nuclei were counterstained with hematoxylin. In the end, the sections were washed with distilled water and dehydrated in ascending series of ethanol (70%-100%), cleared in xylene, and mounted in Depex permanent medium (Electron Microscopy Sciences).
Sections were imaged on an Olympus virtual microscope (slide scanner, 10× objective, resolution 0.67 μm/pixel), 
Cardiac cushions are replaced by the valves at the fetal stages (after ED8).
CONSERVED HNK-1 STAINING IN CONDUCTION SYSTEM and Olympus BX51 upright microscope using 2× and 4× objectives.
Double Immunofluorescence Staining
The sections were deparaffinized and rinsed once with PBS for 5 min, permeabilized twice with PBS/0.5% Tween 20 for 5 min, and rinsed once with PBS for 5 min. The slides for mouse monoclonal to Myosin Heavy Chain (MF20) antibody staining were heat-treated twice for 5 min in citrate buffer (pH 6.0) for antigen retrieval before blocking. Afterwards, the slides were cooled in PBS/0.5% Tween 20 for 10 min and then rinsed once with PBS for 5 min. All sections were blocked with 10% NGS for an hour at room temperature, and then incubated overnight at +4 C with mouse monoclonal HNK-1 primary antibody (1:50; Becton Dickinson #347390).
On the next day, the sections were rinsed in three changes of PBS and cyanine 5 (Cy5)-conjugated Goat Anti-Mouse secondary antibody (1:200; Jackson ImmunoResearch #115-175-075) was applied for 90 min at room temperature. After rinsing in PBS the sections were again blocked with 10% NGS for 1 h at room temperature, and incubated overnight at +4 C with the second primary mouse monoclonal antibody. The following antibodies and dilutions were used: mouse monoclonal to SMA (1:800; Sigma #A2547) or mouse monoclonal IgG2b isotype to myosine heavy chain (MF20, 1:5; DSHB #2147781).
On the third day, the sections were rinsed in three changes of PBS and then incubated with Alexa Fluor 488-conjugated Goat Anti-Mouse secondary antibody (1:200; Invitrogen # A11001), which was applied for 90 min at room temperature. Primary and secondary antibodies were diluted in PBS that contained 0.1% Tween 20, 1% BSA, and 10% NGS. The staining was performed in dark humid chamber.
After washing in distilled water, the nuclei were counterstained with Hoechst (1:100,000, Sigma #33342). In the end, the sections were washed with distilled water and dehydrated in ascending series of ethanol (70%-100%), cleared in xylene and mounted in Depex permanent medium (Electron Microscopy Sciences).
Sections were imaged on an Olympus FluoView laserscanning confocal microscope using 4× and 10× objectives.
RESULTS 2.1 Nile Crocodile (Crocodylus niloticus,
Laurenti 1768)
HNK-1 positive loci were observed consistently in peripheral nerves around the esophagus; the nerves did not invade the heart prior to 5 dpo (Stage 5). Within the heart, the immunopositivity was fairly regularly observed in the myocardium of sinus venosus from 6 dpo (Stage 10-11; Table 7 ). From 14 dpo (Stage 10) to 17 dpo (Stage 12), there was an additional transitory staining in a ring of myocytes surrounding the interventricular foramen (Fig. 1) . No staining was observed at the stages examined in the cardiac cushions, or any other nonmyocardial components of the heart.
Mangrove Monitor (Varanus indicus, Daudin 1802)
Cardiac nerves, abundant around sinus venosus and the atrioventricular canal, were strongly positive in all examined specimens (Fig. 2) . HNK-1 staining was consistently observed in the myocardium of the sinus venosus (on both sides, but stronger on the right one) in all examined hearts. In addition, staining was present in the extracellular matrix and mesenchymal cells of both atrioventricular as well as outflow tract cushions and later on the valves. Staining was invariably stronger in the outflow tract cushions (Fig. 2, Table 8 ), and at later stages, immunopositive cells (most likely of neural crest origin) were present on the outside of the great arteries and in the aorticopulmonary septum.
Central Bearded Dragon (Pogona vitticeps, Ahl 1926)
Already at the earliest stages (14 dpo), HNK-1 staining was present in the sinus venosus and the venous valve, as well as in the atrioventricular (stronger) and outflow tract (weaker staining intensity) cushions (Fig. 3) . No labeling was present anywhere within the ventricle. Soon afterwards (18 dpo), staining appeared in the atrioventricular sulcus in association with the cardiac nerves ( Table 9) . At 28 dpo, staining was present in the interatrial septum; the positivity in the remodeling atrioventricular valves remained strong. By 35 dpo, staining appeared in some cells on the surface of the outflow tract, but no staining was present in the ventricle. By 39 dpo, staining appeared in some trabeculae and by 55 dpo, complete pattern including the outflow tract, mesenchymal, neuronal as well as myocardial staining, was present (Fig. 4) . The myocardial positivity included areas of the sinus venosus, pectinate muscles in the atria, atrioventricular canal, and ventricular septum. This pattern persisted until the last stage examined (68 dpo).
Corn Snake (Pantherophis guttatus, Linnaeus 1766)
At an early stage of 9 dpo there was no positivity for HNK-1 in any heart compartments. At stage of 16 dpo the nerves in sulcus coronarius became positive for HNK-1. At stage of 23 dpo, however, the positivity was observed along the atrioventricular canal on both sides and in the bulbuslamelle of the ventricle very close to the right part of the atrioventricular canal as well as in the nerves in sulcus coronarius. Positivity was observed also in the interatrial septum. However, there was no observation of positivity in the ventricular valves as well as in the deep ventricle subendocardium (Fig. 5, Table 10 ). At stage of 32 dpo there was a similar staining pattern as at the previous stage and also a slight positivity in the area Fig. 3 . Right profile of the whole embryo of Pogona vitticeps (14 dpo) and frontal sections through its heart. HNK-1 staining is apparent in the areas of the atrioventricular cushions and in the mesenchymal cap of the interatrial septum (arrow). Very faint staining is present at the base of the outflow cushions. Other mesenchymal and neural structures are also positive in the adjacent areas. Myocardial markers show that there are no myocytes positive at this stage. AVC, atrioventricular canal, OT, outflow tract, V, ventricle, scale bars 1 mm for the whole embryo, 0.1 mm for the sections. Fig. 4 . Frontal sections through the heart of Pogona vitticeps, 55 dpo. HNK-1 staining is apparent in the areas of the atrioventricular and outflow cushions transforming into the valves and in the aorticopulmonary septum (IAS, arrow). Staining is also present in the epicardium and mesenchyme of the atrioventricular sulcus. Myocardial markers show that there is positivity in the myocytes of the interatrial septum, atrioventricular canal (AVC) as well as the ventricular septum (arrows in bottom panels) and some ventricular trabeculae at this stage. LAo, left aorta, Pu, pulmonary artery, scale bars 1 mm. Fig. 5 . Whole heart of Pantherophis guttatus (23 dpo) and frontal sections through it. HNK-1 staining is apparent in the area of the putative internodal tracts in the atria (arrowheads), the atrioventricular canal, and the bulbuslamelle in the ventricle (arrows). The wall of the left sinus horn (*) is also positive. While the nerves are also positive, no mesenchymal structures are stained. LA, left atrium, RA, right atrium, V, ventricle. Scale bar 1 mm.
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CONSERVED HNK-1 STAINING IN CONDUCTION SYSTEM of forming ventricular septum, the bulbuslamelle, and the pectinate muscles. Taken together, the heart of Pantherophis showed relatively low positivity for HNK-1 in comparison to the previous lizard species examined, that is, Varanus and Pogona.
Leopard Gecko (Eublepharis macularius,
Blyth 1854)
In the hearts examined, no cardiac staining was observed until 11 dpo (Table 11) . From 15 dpo, immunopositive cells were observed on the surface of the outflow tract. By this stage, nerves appeared in the atrioventricular sulcus area. Weak staining was also detected in the atrioventricular and outflow tract cushions. By 18 dpo, strongly positive nerves were observed in the subepicardium across the entire ventricle. However, no staining was present within the ventricle, which, in contrast to previous two lizard species, did not show any conspicuous ventricular septum (data not shown). Myocardial staining was, however, seen the sinus venosus at most stages, but only at 40 dpo in the atrioventricular canal in this species (Table 11 ).
Domestic Fowl (Gallus gallus f. domestica, Linnaeus 1758)
In agreement with numerous previous observations including our own, we confirmed the presence of HNK-1 staining in the area of developing cardiac cushions, nerves, and neural crest cells. Staining was present in and around the His bundle but not in the bundle branches or more peripheral components. Strong and consistent staining was also present in the subendocardium of both the atria and ventricles (Figs. 6 and 7, Table 12 ). In comparison with the slides from our previous study (Gurjarpadhye et al., 2007) as well as with freshly sampled and stained hearts at the same stage, we did not observe any differences in the staining pattern between the paraformaldehyde-or Dent's (methanol/DMSO)-fixed tissue.
Double immunohistochemistry was used to confirm the specificity of myocardial in the avian heart. Chick heart at ED12 (Fig. 8 ) stained simultaneously for myosine heavy chain and HNK-1 showed clearly the myocardial character of HNK-1 positive cells within the interventricular septum (His bundle and surrounding area). To validate that such pattern is not unique to this species, we also stained ED8 quail embryonic heart obtained in a context of a different study (Nanka et al., 2008) . Indeed, the HNK-1 staining pattern was the same as in the chick, illustrated by double immunopositivity of the sinus venosus myocardium (Fig. 8) .
DISCUSSION
Our findings in the reptilian hearts correspond well with the results in reported in other amniote species. We found expression in the developing cardiac cushions/ valves, which is very similar to situation reported in the chick, attesting to phylogenetic proximity between reptiles and birds (Laurin and Reisz, 1995) . Similarly, in all of our species we confirmed expression in the myocardium of the sinus venosus (Tables 7-12) , making it a good maker of the pacemaker regions as in rat and human embryos (Blom et al., 1999) . Most interesting was the finding of positivity in the ventricular myocardium, specifically a ring-like structure reminiscent of the primary interventricular ring, in the Crocodylus and in the trabeculae forming, or close to, the ventricular septum in Pogona. These findings suggest that the phylogenetic origin of the ventricular conduction system may lie in the reptilian lineage; however, functional studies are needed Fig. 7 . Frontal sections through the heart of Gallus gallus, 10 dpo (embryonic day 10). HNK-1 staining is apparent in the areas of the atrial and ventricular subendocardium, and developing atrioventricular and semilunar valves. Arrows point to the location of the myocardial atrioventricular (His) bundle, which is positive as well as its fibrous insulation. Ao, aorta, LA, left atrium, LV, left ventricle, RA, right atrium, RV, right ventricle. Scale bar 1 mm.
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to confirm these observations, as the presence of ventricular conduction system is normally considered to be a feature associated with homeiothermy (Davies and Francis, 1941) and thus limited to birds and mammals.
Expression of the HNK-1 carbohydrate epitope in developing hearts of the reptilian embryos occurs in morphologically dynamic regions such the developing atrioventricular valves, outflow tract cushions, autonomic nervous system of the heart, and differentiating CCS. The antibody was first described in 1981 (Abo and Balch, 1981) , and to date (May 31, 2018) , there are 2,493 hits on PubMed, contesting to the potential of this IgM monoclonal antibody. Expression in the developing heart was first reported in association with its innervation in the rabbit (Gorza et al., 1988) , and already there it was associated with the CCS as well as neural crest cells. Most detailed mammalian studies were soon afterwards performed in the rat (Ikeda et al., 1990 ), which appears to have the same pattern of expression as the developing human heart (Blom et al., 1999) . The pattern consists of two rings, the atrioventricular one (corresponding to the atrioventricular canal myocardium) and the interventricular one (also known as the primary interventricular ring), which forms a preferential pathway in early ventricular activation (Sedmera et al., 2005; Sankova et al., 2012) . This expression was later confirmed by three-dimensional reconstructions (Ito et al., 1992; Nakagawa et al., 1993; Wenink et al., 2000) and added to the map was an additional domain in the atria-the sinus venosus-derived pacemaker tissue and the intermodal tracts. We observed similar positivity in the pectinate muscles, especially in the right atrium, in Pogona and Pantherophis (Figs. 4 and 5) .
Studies in the avian embryos followed shortly, and in chick and quail hearts, good correlation was found between the HNK-1 expression and forming His bundle and proximal parts of its branches (Luider et al., 1993; Chuck and Watanabe, 1997; Wikenheiser et al., 2006) as well as the pacemaker region in the atria (DeRuiter et al., 1995) . Most of these studies used also additional markers to confirm specificity of expression, thus validating this antibody as a (temporal) marker of the CCS. Indeed, in vitro study on cultured precardiac mesoderm cells (Nakajima et al., 2001) showed that there are at least three cell types, that is, mesenchymal cells with HNK-1 positivity, and positive and negative cardiomyocytes. However, the HNK-1 is not, unlike, for example, some ion channels or gap junction proteins, a functional marker-and indeed is absent from the conduction system in the mouse. Thus, functional studies using electrophysiological approaches will be needed to validate further our immunohistochemical findings. Alternatively, specificity could be confirmed using double immunohistochemistry for other proteins expressed in the CCS. Such alternative/additional immunohistochemical markers, which again can be species-specific, include neurofilament 1 in the rabbit (Gorza et al., 1988; Rothenberg et al., 2005) , PGP9.5 in the camel (El Sharaby et al., 2001) , or Contractin-2 in the mouse (Pallante et al., 2010) .
Although some ECG recordings were performed in Sauropsida in general (Kaplan and Schwartz, 1963; McDonald and Heath, 1971; Blanco, 1993; Heaton-Jones and King, 1994; Anderson et al., 1999; Espino et al., 2001; Martinez-Silvestre et al., 2003; Tan et al., 2013) , the information available is restricted to a few species and there are almost no comparative studies among Squamate reptiles (Mullen, 1967; Bogan Jr., 2017) to fully understand the electrophysiological function of the heart in these terrestrial ectotherms. However, with respect to ECG methodology (Einthoven, 1903) , there are also some limitations of this approach for poikilotherms and ectotherms. Effect of the temperature on cardiac function is relatively profound (Vostarek et al., 2016) , especially in ectotherms such as squamates (C-B and R-D, 2005) , and also the impact of the anesthesia could be noticeable (Anderson et al., 1999; Kharin and Shmakov, 2009) . Fig. 8 . Double immunohistochemistry for HNK-1 (red channel) and myocyte markers (green) in avian heart. In mid-fetal chick, co-localization is observed in the area of the interventricular septum, where the His bundle (asterisk in the higher power views) is present. In early postseptaion quail heart, double positivity is present in the myocardium of the sinus venosus (arrows in the higher power view); the staining is more prominent on the right side. Non-myocardial staining in the right atrioventricular valve is also prominent. Single positivity for HNK-1 is present also in the nervous plexus around the esophagus (arrowheads in the overview picture) as well as cardiac nerves in the atrioventricular sulcus (arrow). Scale bar 100 μm; nuclear staining (Hoechst) is in the blue channel. LV, left ventricle, RV, right ventricle, SV, sinus venosus.
Therefore, it is useful to complement the electrophysiological methods with histology providing structure-function correlation in the hearts of sauropsid species (this study).
In conclusion, HNK-1 immunoreactivity in the developing sauropsid heart includes parts of the early outflow tract, most likely of neural crest origin (Kirby and Waldo, 1990) , the related endocardial cushions, the primordia of the semilunar valve leaflets and the aorticopulmonary septum. Furthermore, other mesenchymal structures are HNK-1 positive, such as the atrioventricular cushions, spina vestibuli, and parts of the subendocardium. Last, staining includes regions of the myocardium that are part of the forming CCS, specifically, the wall of the sinus venosus, interatrial septum, internodal pathways, atrioventricular canal, and possibly also the nascent ventricular conduction system. We believe that the differences in expression observed are mostly due to species-specificity (as in mammals) and the extent of ventricular septation.
Study Limitations
The function of the HNK-1 glycoprotein antigen is not completely understood in part because there is no clean way to delete the antigen. In general, there is a correlation and association of the antigen with migratory, plastic, or dynamic interactions. Functional studies including electrophysiology (Gregorovicova et al., 2018 ) might help in correlating the present findings with activation patterns of squamate reptilian hearts at different developmental stages.
